The mammalian abasic endonuclease, APE1, has two distinct roles in the repair of oxidative DNA damage and in gene regulation. Here we show that both functions are essential for cell survival. Deletion of the APE1 gene causes embryonic lethality in mice, and no nullizygous embryo fibroblasts have been isolated. We have now established nullizygous embryo fibroblast lines from APE1 ؊/؊ mouse embryos that are transgenic with the ''floxed'' human APE1 (hAPE1) gene. Removal of hAPE1 by Cre expression through nuclear microinjection elicited apoptosis in these cells within 24 h, which was blocked by coinjection of the wild-type hAPE1 gene. In contrast, mutant hAPE1 alleles, lacking either the DNA repair or acetylation-mediated gene regulatory function, could not prevent apoptosis, although the combination of these two mutants complemented APE deficiency induced by Cre. These results indicate that distinct and separable functions of APE1 are both essential for mammalian cells even in vitro and provide the evidence that mammalian cells, unlike yeast or Escherichia coli, absolutely require APE for survival, presumably to protect against spontaneous oxidative DNA damage.
A basic endonuclease (APE), a ubiquitous enzyme, plays a central role in repairing toxic and mutagenic abasic (AP) sites generated in genomes during the repair of oxidation and alkylation damage through the base excision repair (BER) pathway (1) . Oxidative DNA lesions, including AP sites, are also spontaneously generated at an estimated rate of 1.5 ϫ 10 5 residues⅐cell Ϫ1 ⅐day Ϫ1 (2) . Unlike two distinct APEs present in Escherichia coli and Saccharomyces cerevisiae, only one active APE, APE1, an ortholog of E. coli xth and yeast APN2, has been identified in mammalian cells (3) . Based on sequence homology, a second APE-like gene, APE2, was cloned from mammalian cells. However, we could not detect APE activity in the recombinant human APE2 (4), and hAPE2, unlike hAPE1, could not complement yeast APE mutants (5) . Although APE-negative bacteria and yeast are viable, very early death (3.5-7.5 days after fertilization) was observed in APE1 nullizygous mouse embryos (6) (7) (8) . Unlike other BER proteins, e.g., DNA polymerase ␤ and X-ray cross complementation group 1, which are essential for embryonic survival but not for mouse embryonic fibroblasts (MEFs) cultured in vitro (9, 10) , APE1-null MEF mutant lines have not been established. The mammalian APE1, independently identified as redox-enhancing factor 1 (Ref1), has a distinct regulatory function in reductively activating C-Jun, p53, and other transcription factors (3, 11) for which Cys-65 (Cys-64 in mouse APE1) was identified as the active site (12) . The N-terminal region of the 36-kDa polypeptide, including Cys-65, is not conserved in the E. coli homolog exonuclease III. An additional regulatory function of APE1͞Ref1 was identified in Ca 2ϩ -dependent down-regulation of the parathyroid hormone and renin genes containing negative Ca 2ϩ -response elements (nCaREs) (13, 14) . These elements may also be present in many other genes (15) . APE1 was identified as a component of the nCaRE-bound protein complexes. We have recently reported that acetylation of APE1 at Lys-6 or Lys-7 by the histone acetyltransferase p300 promotes its binding to nCaREs (16) . Whether any one or all of these functions of APE1 are essential for embryos or somatic cells has not been explored. A recent report showing viability of C64S APE1 knock-in mouse mutant indicates that either the redox function of APE1 is not essential or it does not involve Cys 64 (17) . It has also been suggested that the essentiality of APE1 is due to its regulatory roles unrelated to its DNA repair function. In any case, it has been difficult to examine individually the biological significance of the three different functions, namely DNA repair, reductive activation, and acetylation-mediated gene regulation. This report describes our success in establishing viable, APE1 nullizygous MEF cells that express floxed hAPE1 transgene. Using these MEF cell lines, we have shown that survival requires both DNA repair and acetylation-mediated gene regulation functions of APE1.
Materials and Methods
Generation of Transgenic Mice. A 6-kb DNA fragment containing the hAPE1 gene (HindIII-XbaI) was subcloned into the pBluescript plasmid (Stratagene) with loxP elements at both ends. Transgenic (tg) mice carrying the hAPE1 gene were generated in the University of Texas Medical Branch's Transgenic Mouse Core Facility. The heterozygous APE1 mice generated by Ludwig et al. (7) were used to produce ϩ͞Ϫ tg mice that were subsequently mated to generate Ϫ͞Ϫ tg embryos. The mice (using tail snips) and embryos were genotyped by Southern analysis and PCR with APE1 specific primers (see Fig. 2 ). Fibroblast cultures were established from 9.5 days after fertilization (E9.5) embryos after dissection and grown in DMEM supplemented with 10% FBS and streptomycin͞penicillin. The primary cells were transformed with a SV40 T-antigen expression plasmid to establish MEF lines.
DNA Microinjection. The Ϫ͞Ϫ tg MEF cells were plated with DMEM͞F12 without phenol red at 24 h before microinjection. The plates were etched to identify injected cells. Injection needles were pulled from borosilicate capillaries by using a Flaming͞Brown Micropipette Puller, model P-97 (Sutter Instruments, Novato, CA) with outer tip diameters of 2.5-3 m, as determined by scanning electron microscopy (18) . Immediately after dialysis of DNA in an injection buffer (114 mM KCl͞0.5
Abbreviations: AP, abasic; APE1, AP-endonuclease 1; En, n days after fertilization; MEF, mouse embryonic fibroblast; nCaRE, negative calcium-response element; Ref1, redoxenhancing factor 1; tg, transgenic. mM KPO 4 , pH 7.4) for 10 min, the cells were injected with 5 fl of sample containing DNA (Ϸ20 copies of each DNA per injection), together with Oregon Green dextran (0.4 mg͞ml), as a marker of the injected cells by using the electronically interfaced Eppendorf Micromanipulator (model 5171) and Transjector (model 5246) (18) . The injection was monitored under a phase-contrast Olympus (Melville, NY) IX70 inverted microscope equipped with a temperature-controlled stage maintained at 37°C. Only cells within an etched boundary were injected. To avoid any bias, microinjection was carried out by the University of Texas Medical Branch's Microinjection Core Facility personnel without prior knowledge about biological functions of APE1 or its mutants and without direct interest in this study.
Transient Transfection of DNA. The cre gene was cloned from P1 phage DNA through PCR into a phrGFP vector (Stratagene) to place the cre gene upstream of humanized recombinant GFP (Stratagene). The hAPE1 cDNA was then inserted into this vector (see Fig. 4 ). Thirty-six hours after transient transfection with Lipofectamine 2000 (Invitrogen), the cells were fixed with methanol, stained with primary antibodies specific for Cre (Novagen), APE1 (19) , and activated caspase 3 (Cell Signaling Technology, Beverly, MA), followed by secondary antibodies conjugated to rhodamine (Chemicon), and finally analyzed by confocal microscopy (L510Meta, Zeiss) in University of Texas Medical Branch's Optical Image Laboratory. The MEFs were separately transfected with a vector carrying the Cre-EGFP fusion gene (20) (provided by B. Sauer, University of Kansas Medical Center), stained with propidium iodide without fixation, and then analyzed as above.
Results

Isolation of MEF Cells Lacking the Mouse APE1 Gene.
In an effort to establish conditional APE1 mouse mutants, we generated tg mice expressing hAPE1 from a 6-kb genomic clone including the promoter, (19) bracketed by loxP elements (Fig. 1a) , which allows its Cre recombinase-catalyzed excision from the chromosomal integration site (20) . After confirming stable expression of hAPE1 (Fig. 1a) , we mated APE1 heterozygous tg mice with APE1 heterozygous knockout mice (ϩ͞Ϫ) (7) to generate heterozygous tg progeny (ϩ͞Ϫ; tg). Subsequent crosses between these mutant mice were carried out to generate nullizygous transgenic progeny that we expected to be viable because of hAPE1 expression. Surprisingly, none of the 109 progeny mice generated from two independent tg strains had the homozygous null genotype (Fig. 1b) . We therefore concluded that the ectopic hAPE1 could not complement the deficiency of endogenous APE1, probably because of improper regulation of the transgene essential for embryo development. In utero examination also showed no embryos of Ϫ͞Ϫ tg genotype at E13-14. However, at E12 we identified resorption bodies of the Ϫ͞Ϫ tg genotype and succeeded in harvesting live, normal size embryos of this genotype at E9.5. These results showed that the transgenic APE1 could extend the life of APE-negative embryos by several days but not through the full term. We were able to culture MEF from E9.5 embryos and confirmed their combined transgenic͞ nullizygous genotype (Fig. 2) . These MEFs grew normally in primary cultures from which we established immortalized cell lines by transformation with SV40 T-antigen.
Removal of the hAPE1 Gene from MEFs by Microinjection of the cre
Gene. We tested the effect of deleting the hAPE1 transgene by microinjecting a Cre expression plasmid into the nuclei of these MEFs. Coinjection of Oregon Green marker with the plasmid allowed monitoring of the injected cells (Fig. 3 a and b) . A majority of the cells underwent morphological changes typical of apoptosis, including blebbing and rounding, within 24 h of microinjection, a process initiated as early as 12 h (Fig. 3 a and c-e). After 48 h, the injected cells were found to have died without undergoing cell division. To test whether the death was the direct result of APE1 depletion, we coinjected an expression plasmid for the WT hAPE1 along with the Cre plasmid. The WT APE1 prevented abnormal cell morphology and death, and the microinjected cells divided normally (Fig. 3b) . Furthermore, we observed normal cell divisions when the cre gene was injected into cytoplasm instead of nuclei (Fig. 3e) . In an independent set of experiments, the MEF cells were transiently transfected with an expression plasmid for the Cre-EGFP fusion protein (20) and stained with propidium iodide without fixation to monitor dead or dying cells. Propidium iodide fluorescence was observed in EGFP-expressing cells as early as 18 h after transfection (Fig. 3f ) ; these cells had a rounded appearance with chromatin condensation, characteristic of apoptosis, whereas a control BALB͞c mouse line did not show any abnormality due to the Cre-EGFP expression (Fig. 3g) . Similar results were obtained for spontaneously transformed cells in the absence of T antigen (data not shown), suggesting that apoptosis induced by APE1 inactivation is independent of p53 status (21) . We also transiently transfected the MEFs with a bicistronic expression plasmid (Fig. 4 a and b) for expression of Cre and GFP (Fig. 4) . The GFP-positive cells showed altered morphology 24-48 h after transfection, associated with Cre expression, loss of APE1, and appearance of activated caspase 3 (Fig. 4 c-e) . In contrast, the cells appeared normal when WT APE1 was coexpressed with Cre and GFP (Fig. 4 f-h ). We conclude from these results that APE1 is essential for viability of the MEF and that these cells underwent apoptosis within 24 h after APE1 inactivation. These results also predict a high turnover of APE1, consistent with our earlier studies (22) .
Microinjection of APE1 Alleles Lacking One of Its Functions.
The microinjection procedure allows control of the number of DNA molecules introduced into cell nuclei. We carried out complementation experiments by microinjecting APE1 cDNA at a constant level with the Cre plasmid (Ϸ20 copies per cell). We chose three hAPE1 mutants, each of which specifically lacks one of APE1's functions: (i) the C65S mutant previously reported to be deficient in redox gene regulation (12); (ii) the K6R͞K7R mutant lacking two acetyl-acceptor lysines required for nCaREmediated gene regulation (16) ; and (iii) the H309N mutant lacking AP-endonuclease activity (23) .
Ectopic Expression of the C65S mutant was as effective as the WT APE1 in preventing Cre-induced apoptosis (Fig. 5d ). This observation, showing the nonessentiality of Cys-65, is consistent with the recent mAPE1 knock-in study (17) . On the other hand, both K6R͞K7R and H309N mutants failed to complement APE1 deficiency; the microinjected cells showed apoptotic morphological change and cell death at a similar time scale as with expression of Cre and the vector alone (Fig. 5 a, b, and d) .
The interpretation of the above results would be compromised if the H309N mutation had affected the acetylation mediatedgene regulation function, or the K6R͞K7R double mutation changed APE1's DNA repair activity. Although structural analyses could not resolve the N-terminal 40 amino acids found on the APE surface (24), it appears unlikely that the N-terminal Lys residues directly interact with H309, which is buried inside of the protein. Also, the H309N mutation did not affect APE1's repressor function (data not shown) in a reporter gene assay described in ref. 16 . To further ensure whether the repair and regulatory functions are separable in the APE1 polypeptide, a 6, normal; lanes 2 and 3, transgenic) or from the Ϫ͞Ϫ tg MEF (lanes 4 and 5) were amplified by using the primers in a. (c) Southern blot analysis by using hAPE1 cDNA as a probe. Genomic DNA from Ϫ͞Ϫ tg (lane 1) or ϩ͞Ϫ tg (lane 2) MEF were cut with BamHI before Southern hybridization. Filled arrowheads: 1, specific to the hAPE1 transgene; 2, specific to the targeted mAPE1 gene (neoresistance gene insert); 3, specific to normal mAPE1 gene. Open arrow indicates that the bands unaffected by the gene rearrangements. One or two copies of the transgene were integrated in this transgenic mouse and MEF strain, based on band intensity in the Southern analysis. mixture of K6R͞K7R and H309N APE1 mutant plasmids was injected into the cell nuclei along with the cre plasmid (Fig. 5 c  and d) . We observed that the APE1 mutants together completely blocked Cre-mediated cell death. We therefore conclude that the two functions of APE1 are independent and that both are essential for cell viability.
Discussion
Although three groups demonstrated independently that mouse embryos lacking APE1 die at a very early stage (6-8), it was not clear whether APE1 is also essential for the survival of cultured cells, because such cell lines were not isolated in the past. This report documents the successful isolation of MEFs lacking the mouse APE1 completely, albeit expressing the human APE1 gene. The fact that these cells underwent apoptosis soon after removal of the hAPE1 transgene indicates that APE1 is absolutely required for cellular survival. Importantly, this result also implies that the deletion of the APE1 gene, and not the disruption of expression of an adjacent gene, O-sialoglycoprotein endopeptidase, which shares its promoter with APE1 (25), was responsible for the embryonic lethality of APE1 nullizygous mice.
Using the microinjection assay we devised a ''complementation test'' for individually examining the essentiality of APE1's functions. It was perhaps not surprising that the C65S APE1 mutant allele behaved like the WT APE1 in preventing death because the C64A knock-in mutant mice showed normal viability (17) . Although these results question authenticity of C65 as the active site residue for Ref1 function, the C65S APE1 mutant was previously shown to have an effect on APE1's Ref1 function by several groups (12, 26, 27) . It may be worthwhile to test . An internal loxP site in the vector was replaced with a PacI site, which was then used to insert the WT hAPE1 cDNA with pCMV in b. Plasmids expressing Cre and hrGFP proteins (c-e), or expressing WT APE1 in addition to Cre and hrGFP ( f-h) were used for transient transfection. After 36 h, the cells were fixed and stained with anti-Cre, anti-APE1, and anti-activated caspase 3 antibodies, followed by rhodamine-conjugated secondary rabbit antibody. G, GFP; R, rhodamine; T, transmission; M, merge. The white arrow in h denotes a dead cell that was untransfected (GFP negative) but caspase 3-positive. whether the C64A APE1 mutant mice show a delayed phenotype.
Acetylation of APE1 at the N-terminal K6͞K7 residues is a posttranslational modification necessary for APE1 to repress genes containing nCaREs (16) . This direct regulatory function of APE1 has not received as much attention as its role in redox regulation. However, its importance was clearly shown in regulation of both parathyroid hormone and renin genes (13, 14) . Our results suggest that APE1 may be indispensable for controlling expression of many other genes too, because the nCaRE elements exist upstream of many other genes (15) . If this assumption is indeed correct, APE1 deletion would cause changes in expression of numerous genes, which can be examined by using genomic and proteomic approaches with the MEF cells after deletion of the APE1 gene.
It is particularly intriguing that the endonuclease activity of mammalian APE1 is essential for survival, because E. coli and S. cerevisiae mutants lacking APEs are viable (28, 29) . Although APE1 appears to be the only APE in mammalian cells, they express a significant level of polynucleotide kinase (PNK) with intrinsic DNA 3Ј phosphatase activity that removes DNA 3Ј phosphate termini (30) . We have recently shown that endonuclease VIII-like (NEIL)1 and NEIL2, belonging to a distinct family of DNA glycosylases, which generate DNA 3Ј phosphate termini after base excision and also at AP sites, are involved in an APE-independent, PNK-dependent pathway for repair of oxidized bases (4). Thus, a potential backup mechanism for AP site repair exists in mammalian cells. We suggest several possibilities to explain the unexpected essentiality of the repair function of APE1 in somatic cells. First, it is possible that the amount of spontaneous oxidative DNA damage (including AP sites) in mammalian cells is so high that it overwhelms the NEIL͞PNK-dependent alternative repair system in the absence of APE1. Second, the repair of DNA strand-break termini with 3Ј-phosphoglycolate and oxidized AP sites could not use the alternative pathway and would require APE1 for their processing (31, 32) . In the case of E. coli or S. cerevisiae, repair of oxidative DNA damage may be carried out through the nucleotide excision repair (NER) pathway in the absence of APEs, because the combined deficiency of APE and NER in these organisms is lethal (28, 29) . Although it is not clear whether mammalian cells could similarly use the NER pathway, we raise an intriguing third possibility that the loss of mitochondria-specific APE, which is generated from APE1 after N-terminal truncation (R. Chattopadhyay, L. Wiederhold, B. Szczesny, T.I., T. K. Hazara, and S.M., unpublished data), and not of nuclear APE1, is responsible for triggering apoptosis. Mitochondrial DNA is more susceptible to reactive oxygen species than the nuclear genome, and mitochondria lack the NER pathway (33, 34) . Furthermore, the NEILs may be absent in mitochondria (35) .
The APE1 conditional mutant cells provide a system for better estimation of the rate of formation of spontaneous DNA damage, including AP sites, in both nuclear and mitochondrial genomes, for elucidating the mechanism of apoptosis induced by spontaneous DNA damage. The cells also provide an assay for structure-function analysis of mutant APEs to elucidate its regulatory mechanism.
